Simple theoretical calculations have suggested that small body impacts onto Pluto's newly discovered small satellites, Nix and Hydra, are capable of generating time-variable rings or dust sheets in the Pluto system. We present the first observational constraints on the present-day optical depth of such debris systems using HST/ACS data obtained on 2006 February 15 and 2006 March 2. We find that any Plutonian dust rings between Nix and Hydra must have optical depths of 2x10 −5 or lower, when averaged over 1000-km radial distance scales. While usefully constraining, the derived ring optical depth limits are still a factor of four higher than those predicted by Stern et al. (2006a) . Were the New Horizons spacecraft to fly through a ring system with optical depth as high as 2x10 −5 , it would collide with a significant number of potentially damaging ring particles. We therefore recommend that New Horizons cross the potential ring plane at a radial distance where dust rings are not expected due to either dynamical instability or large distance from potential sources of ring particles.
Introduction
The discovery of Pluto's two small (∼100 km diameter) satellites, Nix and Hydra, in 2005 raised the possibility that Pluto may possess a time-variable ring system (Stern et al. 2006a ). Durda & Stern (2000) demonstrated that collisions between small Kuiper belt debris and larger objects, such as Pluto's satellites, are a common occurrence.
The characteristic ejecta velocity resulting from these collisions will be of order 10-100 m s −1 , or 1-10% of the impactor velocity. Since the escape velocities of Nix and Hydra are bewtween 30 and 90 m s −1 , depending on their exact size and density, ejecta fragments from such collisions can escape from Pluto's small satellites but will generally remain trapped in orbit about Pluto. This is in contrast to the situation at Charon where most such ejecta will fall back onto the surface, owing to Charon's ∼500 m s −1 escape velocity. Stern et al. (2006a) calculated a characteristic ring optical depth estimate of τ =5x10 −6 for ring material between Nix and Hydra. This would be considerably more tenuous than the main rings of Saturn, Uranus, and Neptune, but comparable to the optical depth of Jupiter's tenuous rings (Burns et al. 1984 ) and the faint dust rings of Uranus (Showalter & Lissauer 2006) .
No prior observational constraints on the optical depth of rings in the Pluto have been published. We therefore undertook a search for such material using the existing datasets acquired by the HST Advanced Camera for Surveys (ACS) in early 2006, following the discovery of Nix and Hydra. This search is of interest for more than just its discovery potential, as detections or constraints can yield useful information about both the potential hazards of ring material to the New Horizons Pluto mission, now en route, and the small body population orbiting in the 30-50 AU region of the Kuiper belt traversed by Pluto.
In what follows we describe the dataset we used to constrain the ring material in the Pluto system, the analysis techniques we employed, and the results we obtained. We then go on to interpret our results, which are upper limits, as they apply to ring system hazards for New Horizons and the lifetime of ring particles.
Observations
Immediately following the discovery of Nix and Hydra, our team obtained Director's Discretionary time to use HST to confirm the existence of the new satellites. However, HST had just begun operations in 2-gyro mode, precluding observations of the Pluto system until February 2006. When Pluto again became observable, it was targeted with two HST visits of one orbit each using the ACS High Resolution Channel (HRC) through GO/DD program 10774. Selected observational parameters for these visits are presented in Table 1 .
The first visit occurred on 2006 Feb 15.7 UT. During this visit, four long exposures (475second integrations) with the F606W filter (broad V) were obtained using a non-integer dither box pattern to minimize the effect of bad detector pixels and improve the spatial sampling. In these long exposures, both Pluto and Charon are saturated with a small amount of bleeding along the CCD columns. To aid the registration of the long exposures, short, unsaturated exposures (1-second integrations) were obtained at each point in the dither pattern. Both Nix and Hydra were clearly detected at high SNR , and no additional satellites were detected between the orbits of Nix and Hydra down to a 90%-confidence limiting magnitude of V=25.7 .
With the successful confirmation of both satellites during the 2006 February 15 visit and in analysis of archival ACS data , the observational setup of the second visit, which occurred on 2006 March 2, was modified to obtain the B −V colors of Nix and Hydra (Stern et al. 2006b ). A three-point, non-integer dither pattern was employed with a 145 s exposure with the F606W filter and a 475 s exposure with the F435W (Johnson B) obtained at each point of the dither pattern. A 3 s exposure using the F435W filter and a 1 s exposure using the F606W filter were also obtained at points 1 and 3 of the dither pattern, respectively, to aid in image registration. As the point spread function (PSF) of the ACS varies significantly with different filters so we limit our analysis of the 2006 March 2 visit to those data taken with the F606W filter.
For each visit, the exposures made using the F606W filter were "drizzled" together using the PyRAF Multidrizzle procedure (Koekemoer et al. 2002) . Via this procedure, the individual images are corrected for the geometric distortion of the ACS instrument, rotated so that north is up and east to the left, sky background subtracted, co-registered relative to Pluto, and combined using a median filter. Detector pixels that have anomalously low sensitivity, high dark counts, or are saturated are flagged and excluded from further analysis. The median combination removes artifacts, such as cosmic ray events or star trails, that do not appear in same position relative to Pluto in at least two of the images. The resulting images from the February and March visits are shown in Figure 1 .
As can be seen from Figure 1 , Pluto is saturated in the data obtained during both visits. Charon is also saturated in the data obtained during the February visit. As a result, counts from the extended PSF of Pluto and Charon dominate those from the background sky, even several arcseconds away from Pluto. Complex, high-spatial-frequency structure is evident in the extended PSF. This structure is poorly described by model ACS PSFs, such as those generated by the Tiny Tim program (Krist & Hook 2004) .
Derived Constraints
To determine if there was any evidence for a ring system in the ACS data, we divided the plane of Charon's orbit into concentric circular annuli (when viewed from Pluto's pole) centered on Pluto. Based on the projected size of the 0. ′′ 025 HRC pixels at Pluto (570 km), the radial width of the annuli was chosen to be 1000 km. Due to the inclination of the line of sight to the orbital plane of Pluto's moons, these annuli appear elliptical when projected onto the plane of the sky.
To prevent Pluto's diffraction spikes from biasing the results, the images were divided into four quadrants, with the diffraction spikes serving as the quadrant boundaries. A 10 • region (half-width) around each diffraction spike was excluded from the analysis, as illustrated in Figure 1 . The total flux in each annulus segment was then calculated.
A large fraction (nearing 100%, close to Pluto) of the flux contained in a given annulus segment is due to light from the extended PSFs of Pluto and, to a lesser extent, Charon. In principle, this component can be removed from the data by subtracting model PSFs. However, the best publically available model of the PSF of the ACS HRC (the Tiny Tim program) failed to accurately reproduce the observed high-frequency spatial structure in the extended wings of the PSF. The situation is further complicated since the disk of Pluto is both resolved by the ACS HRC (∼4 pixels across) and known to exhibit significant albedo variations across it's surface (Young et al. 2001 ). Although to zeroth order, the PSF of Pluto is radially symmetric, the observed PSF exhibits significant radial asymmetries that preclude the subtraction of a radially averaged image before calculating the average surface brightness in the elliptical annulus segments. Finally, since neither the exact spatial structure of Pluto's PSF nor the radial extent of any putative ring system are known a priori, attempts to characterize and remove Pluto's PSF using the data run a significant risk of inadvertently removing some or all of the signal from a potential ring system.
Given the inability to accurately remove Pluto's extended PSF from the data, we adopt the most conservative approach and assume that all of the flux contained in a given annulus segment is due to light backscattered from a ring system. Assuming that macroscopic bodies dominate the backscatter from the ring, we can estimate the upper limit on the normal optical depth of the ring via the following equation:
where σ seg is the total reflective cross section of ring particles in an annulus segment, A seg is the surface area of the annulus segment, and θ is the inclination of the line of sight to the ring plane (assumed to lie in the same plane as Charon's orbit). If Pluto's rings are more tightly confined radially than the ∼1000 km resolution of our search, Eq. 1 will underestimate the true upper limit of the ring optical depth. After converting the total flux within the annulus segment into an equivalent V magnitude, V seg , using the method of Sirianni et al. (2005) , σ seg is given by:
where r and ∆ are the distances from Pluto to the Sun and Pluto to the Earth, respectively, in AU; p V is the geometric visual albedo of ring particles; and V ⊙ = −26.75 is the V magnitude of the Sun at a distance of 1 AU (Colina et al. 1996) . To provide an upper limit on the reflective cross section of ring partices (and hence ring optical depth), we assume a very dark ring particle albedo of p V = 0.04, similar to particles in the rings of Uranus when observed at a phase angle of 1.6 • (Karkoschka 2001) .
The optical depth limits derived from the two HST visits, as a function of distance from Pluto, are shown for each of the four quadrants in Figure 2 . In all quadrants, the optical depth limit falls off sharply with increasing distance from Pluto, evidence that light scattered from Pluto dominates the total flux contained in the elliptical annuli. Pluto's moons can be seen as localized bumps in the optical depth profile near their orbital distance from Pluto. The optical depth limits of annulus segments containing one of Pluto's moons remain less than unity since the moon's flux is averaged over the surface area of the entire annulus segment.
The detection criterion for a narrow (having a width at the resolution limit of 1000 km) ring was defined to be an annulus segment with a surface brightness more than 5σ above than the average brightness of the neighboring annulus segments. No annulus segments met this criterion, with the exception of those containing the PSFs from one of Pluto's three known moons. Defining a rigorous detection criterion for a broad, radially extended, ring is much more difficult, since the contribution of Pluto's PSF to the flux in a given annulus segment is unknown. Nevertheless, a sufficiently dense, broad ring would appear in Figure 2 as a significant increase in the slope of the optical depth limit versus radial distance, appearing concurrently in all four quadrants. No evidence for such a broad dense ring was seen. We therefore find no evidence for a ring system at Pluto.
During the 2006 February 15 visit, quadrant III provides the best optical depth constraint on a potential ring system. The reason for this is two-fold. First, when projected onto the plane of the sky, annulus segments in quadrants I and III have a greater angular separation from Pluto than the corresponding segments in quadrants II and IV, and therefore less contamination from Pluto's extended PSF. Second, quadrant III is free from Charon's diffraction spikes and flux from Nix and Hydra, as is readily seen in Figure 1 . Between the orbits of Nix and Hydra, the maximum normal optical depth derived from quadrant III is τ max =2x10 −5 . The highest upper limit on ring optical depth (τ max =4x10 −5 ) comes from quadrant II; the average of all four quadrants is τ max =3x10 −5 . Optical depth constraints derived from the 2006 March 2 visit are noisier (owing to the factor of 4 less integration time and the use of 3 images instead of 4 in the median combination) but consistent with the limits from 2006 February 15.
Implications
We have shown that between the orbits of Nix and Hydra, Pluto does not have rings with optical depths in excess of ∼2x10 −5 . This immediately implies that a Plutonian ring system, if it exists is either tenuous, like Jupiter's ring system, or is tightly confined to less than 1000 km in width, below the spatial resolution of our search. However, given that (i) there is no currently known mechanism capable of producing such a tightly confined ring in the Pluto system and (ii) any undiscovered satellites in this region must be smaller than 16 km in diameter , we consider this latter possibility unlikely.
We next comment on what our results imply regarding hazards for the New Horizons spacecraft traversing the Pluto system. Assuming a unimodal ring particle distribution, the number of particles impacting the spacecraft is given by:
where θ is the inclination of the spacecraft trajectory with the ring plane, σ N H is the crosssectional area of the spacecraft, and σ p is the cross-sectional area of a ring particle. For a ring optical depth of τ max =2x10 −5 , a trajectory inclined 30 • to the ring plane, a spacecraft projected cross sectional area of σ N H ≈10 m 2 , and 1 µm diameter ring particles, we find 3x10 8 impacts on the spacecraft, with a total impactor mass of 2x10 −4 g, assuming a ring particle density, ρ p , of 1 g cm −3 . While New Horizons is robust enough to withstand collisions with 1 µm particles without significant damage, at an encounter velocity of ∼12 km s −1 , collisions with 100 µm diameter particles are potentially damaging, and for a unimodal ring of 100 µm particles, up to 3x10 4 such collisions could be expected.
We therefore conclude that our results are not sufficiently constraining (by several orders of magnitude) to permit New Horizons to safely traverse the region between Pluto's satellites, where ring material may exist. Safer regions for New Horizons to transit the system would be significantly outside the orbit of Hydra, far from the sources of potential ring particles, or at a distance from Pluto of between 0.5 and 2.15 times the orbital semi-major axis of Charon, since the orbits of ring particles in this region rapidly become unstable (Stern et al. 1994; Nagy et al. 2006 ).
Finally, we can use our ring optical depth constraint to constrain the lifetime of ring particles at Pluto. First, we point out that the re-collision timescale for ring particles orbiting between Nix and Hydra, i.e., their timescale to be reabsorbed by their parent satellite can be computed following Burns et al. (1984) , yielding a timescale of order a few 10 3 years. Effectively, this is an upper limit for ring particle lifetimes since other loss processes would only speed up the loss timescale.
Making the assumption of a steady state ring population, where particle production and loss are in balance over long time scales, we can derive a separate ring particle lifetime, T p , based on our derived ring particle optical depth:
where M R is the ring mass, which can be computed from the optical depth constraint τ as:
where r p is the characteristic ring particle radius, and R and dR are the ring's radius and width. dM R /dt can be written very simply as:
where M sat is the average mass of Nix and Hydra, T SS is the age of the solar system, and γ is the fractional mass of the satellites that have been lost to erosion. Thus, we find:
For a characteristic radius of 50 km and density of 2 g cm −3 for Nix and Hydra, γ=10 −4 (consistent with Durda & Stern [2000] ), and a unimodal ring of 1 µm diameter particles with density 1 g cm −3 extending from Nix's orbit to Hydra's orbit, i.e., from 48,675-64,780 km , we find T p =2x10 3 yr.
Conclusions
We have used existing HST ACS observations of the Pluto system to derive the first constraints on the optical depth of any rings having a radial extent greater than 1000 km. We find an upper limit of τ max =2x10 −5 on ring optical depth between the orbits of Nix and Hydra. Higher ring optical depths are possible for tightly confined rings less than 1000 km wide. However, given the size limits of any undetected small satellites in the Pluto system, it is difficult to see how a ring could remain so tightly confined. Although the optical depth limit on potential rings of Pluto is usefully constraining, it remains a factor of four larger than the ring optical depth of 5x10 −6 predicted by Stern et al. (2006a) . Finally, we note that the optical depth constraint derived from the HST observations is not sufficient to ensure safe passage of the New Horizons spacecraft through the region of space between the orbits of Charon and Hydra.
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